++ is one of the most common forms of allergic contact dermatitis, but how the T-cell receptor (TCR) recognizes Ni ++ is unknown. We studied a TCR from an allergic patient that recognizes Ni ++ bound to the MHCII molecule DR52c containing an unknown self-peptide. We identified mimotope peptides that can replace both the self-peptide and Ni ++ in this ligand. They share a p7 lysine whose εNH 2 group is surface-exposed when bound to DR52c. Whereas the TCR uses germ-line complementary-determining region (CDR)1/2 amino acids to dock in the conventional diagonal mode on the mimotope-DR52c complex, the interface is dominated by the TCR Vβ CDR3 interaction with the p7 lysine. Mutations in the TCR CDR loops have similar effects on the T-cell response to either the mimotope or Ni ++ ligand. We suggest that the mimotope p7 lysine mimics Ni ++ in the natural TCR ligand and that MHCII β-chain flexibility in the area around the peptide p7 position forms a common site for cation binding in metal allergies.
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antigen presentation | hypersensitivity | peptide display library | crystal structure | metal recognition T -cell receptors (TCRs) made up of α-and β-chains have a very large number of ligands, including self-and foreign peptides, superantigens, lipids, small organic haptens, and metal ions. These ligands usually react with TCRs when they are bound to major histocompatibility complex (MHC) proteins. TCRs usually bind MHC/peptide combinations in similar orientations such that the TCR is aligned diagonally across the MHC/peptide, with the Vβ region of the TCR placed over the α1 α-helix of the MHCI heavy chain or of the MHCII α-chain and the Vα region placed over the α2 α-helix of the MHCI heavy chain or the β1 α-helix of the MHCII β-chain (1, 2). We (1, (3) (4) (5) and others (6) (7) (8) have suggested that germ line-encoded residues in the complementary-determining region (CDR)1 and CDR2 loops of the TCR variable regions are evolutionarily conserved for interaction with the MHC. These residues are also involved when natural killer T (NKT) cells recognize glycolipids bound to the nonclassical MHCI protein CD1d, and even when T cells recognize the non-MHC protein CD155 (9) .
It is noteworthy, however, that the presence of these evolutionarily conserved amino acids does not assure the conventional diagonal docking mode for TCRs on MHC molecules. For example, the NKT TCRs have a unique docking mode on CD1d (10, 11) : Protein superantigens bridge TCRs to MHCII in a manner that prevents conventional TCR-MHCII interaction (12) , and TCRs often dock to autoantigen peptides bound to MHCII in unusual orientations (13, 14) . Thus, in cases in which the structural details of the interaction between the TCR and its target are not known, we cannot be certain that the interaction will occur with the TCR in its usual orientation on MHC or not. Such is the case for the recognition of metal ions by TCRs (15 (18) . Here, using a display library method we have previously described (19, 20) , we screened libraries of DR52c bound to partially randomized peptides in attempts to identify the specific peptide recognized by ANi2.3 in the presence of Ni ++ . Instead, we isolated many peptide mimotopes that, when bound to DR52c, engaged this TCR and activated the ANi2.3 T cell in the absence of Ni ++ . The C-terminal halves of these mimotopes had highly related amino acid sequences that included an almost invariant lysine at the p7 position, which we considered might mimic Ni ++ . We solved the structures of two of these mimotope peptides bound to DR52c and the structure of the ANi2.3 TCR bound to one of the mimotope complexes. In each of the three structures, the peptide p7 lysine assumes a conformation that puts its εNH 2 group on the surface of the molecule. Interactions between the TCR CDR1/2 loops and the DR52c helices help dock it in the conventional diagonal mode, but the area of strongest TCR contact surrounds and involves the mimotope p7 lysine εNH 2 . Mutagenesis of the TCR CDR loops shows that the TCR engages the natural Ni ++ and mimotope ligands very similarly. We discuss the likelihood that the positive charge of this lysine side chain mimics Ni ++ in the interaction with the ANi2.3 TCR. Our structure also provides insight into how the area between the MHC-bound peptide and the arched helix of the MHCII β1 helix might be a common site for cation binding in metal allergies.
Results
Common Motif Among Peptide Mimotopes for the ANi2.3 T Cell. In previous studies, we and others have shown that the human Tcell clone ANi2.3, isolated from a patient with nickel hypersensitivity, reacts with Ni ++ presented by the human MHCII protein DR52c bearing an unknown peptide (17, 18) . Our efforts to find this peptide among the peptides naturally processed and bound to DR52c failed, suggesting that it may be present in very low abundance. Therefore, we turned to the use of baculovirusexpressed MHC-peptide display libraries as described previously 19, 20) . We produced two types of libraries (Fig. 1A) . In both, based on the crystal structure of DR52c bound to the Tu peptide (21), we fixed the anchor amino acids at p1, p4, p6, and p9 to those of the Tu peptide (I, N, P, and I). In the first library, six potential TCR contact amino acids (p1, p2, p3, p5, p7, and p8) were randomized via an NNS codon mixture. The second library was a group of four pooled sublibraries, prepared like the first library, except that, in each, either p1, p2, p3, or p5 was fixed to H as well in order to test the idea that a histidine somewhere in the N-terminal half of the peptide might cooperate with DR52c β 81H in binding Ni (18) .
The two libraries were separately screened. In each case, SF9 insect cells infected with the library were sorted by flow cytometry for simultaneous binding of a multimeric, fluorescent version of the ANi2.3 TCR in the presence of Ni ++ and of a fluorescent anti-DR mAb. Within four rounds of sorting, in both cases a population blossomed out that bound both the TCR and anti-DR reagent strongly (Fig. 1B, Lower) .
SF9 cells infected with a single virus were sorted for sequencing. Despite the presence of Ni ++ during the screening, both libraries produced only related peptides that stimulated ANi2.3 in the absence of Ni ++ . A list of the properties of the 10 best ANi2.3-stimulating mimotopes is shown in Fig. 1C . The most striking feature of these mimotopes was a very strong selection of I, K, or R at p5, p7, and p8, respectively, in both libraries, with substitutions of L, R, and K occasionally allowed at these positions. There appeared to be no selection of a particular amino acid at p1, p2, or p3. We performed the screen again after predepleting the libraries of Ni ++ -independent mimotopes for three cycles, as in Fig. 1B , but in the absence of Ni ++ , before rescreening again in the presence of Ni ++ . This experiment also did not yield Ni ++ -dependent mimotopes, but did, however, yield a few Ni ++ -independent mimotopes similar in sequence to those listed in Fig. 1C (Table S1) .
Therefore, we decided to examine examples of the related Ni ++ -independent mimotopes in Fig. 1 to see whether they might offer some clues as to how the natural self-peptide in normal DR52c + antigen-presenting cells presents Ni ++ to ANi2.3 T cells. First, in baculovirus, we made a series of mutations in the best-stimulating mimotope, HIRCNIPKRI (pHIR), such that individual amino acids at p1, p2, p3, p5, p7, and p8 were changed to alanine. ICAM/ B7.1 + SF9 cells infected with mutant viruses were tested for their ability to stimulate ANi2.3 ( Fig. 1D ). As predicted from the variability of the N-terminal sequences of the enriched peptides (Fig. 1C) , substitution of A at p1, p2, and p3 had no effect on the response of the ANi2.3 T cell. However, substitution of A for the amino acids at p5, p7, or p8 dramatically reduced or eliminated the response. Thus, this alanine scan and the heavy selection of p5I, p7K, and p8R in the libraries indicated that the ANi2.3 T cell focuses on the C-terminal end of the peptide mimotopes. We performed surface plasmon resonance binding studies with the ANi2.3 TCR and soluble versions of two of the DR52c-mimotope complexes produced with baculovirus. The TCR was immobilized in the flow cell of a Biacore sensor chip. Various concentrations of the pHIR or WIRVNIPKRI (pWIR)-containing DR52c complexes ( Fig. 2 A and B , respectively) were injected and the binding kinetics were recorded. Both complexes bound the ANi2.3 TCR with modest on rates and very fast off rates, resulting in kds (dissociation rates) in the micromolar range typical of TCR interactions with MHCII ligands.
Surface Exposure of the p7 Lysine εNH 2 Group of the Mimotopes and Potential Ni ++ Binding Site. The heavy selection of lysine, and to a lesser extent arginine, at p7 in the mimotopes and the loss of activity when this position was mutated to alanine suggested to us that the positive charge of these amino acids might mimic Ni ++ in the interaction with the ANi2.3 TCR, thus accounting for the lack of their dependence on Ni ++ for ANi2.3. In TCR-MHCII structures reported thus far, p7 amino acids with short side chains most often point into the wall of the MHCII β-chain helix; however, p7 amino acids with large/long side chains most often assume rotamers that expose at least part of the side chain on the surface (Table S2 ). In order to see whether the p7K side chain can be surface-exposed well, we solved the structures of the pHIR and pWIR complexes to resolutions of 2.2 and 2.5 Å, respectively (Table S3 ). The structures of the two mimotopes bound to DR52c were very similar (Fig. 3) . Importantly, the side chain of p7K, as well as those of p5I and p8R, was exposed on the surface of the DR52c protein and was, therefore, well-positioned to interact with the ANi2.3 TCR, lending support to the idea that the εNH 2 group of p7K could mimic the Ni ++ cation. The analysis of the two structures presented here and a previous structure of DR52c bound to a Tu-derived peptide show that the width of the space between the DR52c α1 helix and the DR52c β1 helix (measured as the distance between the α65 and β67 α-carbons flanking the p7 position of the peptide) varies from 15.34 to 15.81 Å (average 15.56 Å), putting it among the widest seen in various mouse and human MHCIIs (Table S4) . This wide space between the peptide and the β1 helix may allow
Ni
++ to bind in this region when DR52c contains the natural peptide that presents Ni ++ .
Extensive Interaction of the ANi2.3 TCR with p7K and Surrounding
Area of the DR52c-pHIR Complex. For crystallography, we produced a single-chain version of the ANi2.3 TCR (Fig. S1 ) containing only the Vα and Vβ domains connected by a glycine-rich linker (scFv) (22) . A complex of this TCR with DR52c-pHIR was crystallized and the structure was solved to a resolution of 3.3 Å (Table S3 ). The TCR engages the MHCII-peptide complex in the usual diagonal mode, with the CDR3 regions of Vα and Vβ centered over the peptide and the Vα CDR1 and CDR2 loops poised over the DR52c β1 helix and the Vβ CDR1 and CDR2 loops over the α1 helix (Fig. 4 A and B ). An overlay of the free versus ANi2.3 TCR-bound DR52c-pHIR shows relatively little adjustment of the MHCII or peptide amino acid side chains during the interaction (Fig. 4C) . A complete analysis of the contacts between ANi2.3 and the DR52-pHIR complex is shown in Table S5 , with a summary shown in Table 1 . The TCR Vβ CDR3 contributes half of the total contacts with the ligand and almost two-thirds of the contacts with the peptide, nearly all of which are with p5I, p7K, and p8R. These results are consistent with those of the mutational analysis of pHIR (Fig. 1D ) and the finding that the ANi2.3 TCR heavily selected these three amino acids in the mimotopes whereas tolerated many different amino acids at p1, p2, and p3 (Fig. 1C) . The TCR Vβ CDR3 loop reaches deeply into the peptide binding groove (Fig. 4A) to contact the side chains of all three of these amino acids (Fig. 4B) . Most importantly, the carboxylate of Vβ 95D at the tip of the CDR3 loop makes a salt bridge to the εNH 2 group of p7K, which also forms hydrogen bonds to the peptide backbone at p8 and to Q64 on the DR52c β1 helix (Fig. 4D) . Despite the 3.3-Å resolution of the structure, electron density for these amino acid side chains is clear in the map (Fig. S2) .
Similarities Between ANi2.3 TCR Interaction with the Mimotope and Ni

++
. If the binding of ANi2.3 to DR52c-pHIR mimics the way in which ANi2.3 reacts with Ni ++ presented by DR52c plus the natural unknown peptide, then the TCR amino acids important in the interaction with the two ligands should be similar, especially in the vicinity of the p7 position. To test this idea, we used retroviral transduction (23, 24) to create a series of T-cell transfectomas bearing human CD4 and either the wild-type ANi2.3 TCR or a version with an alanine substitution at one of 29 positions in the Vα and Vβ CDR loops of the TCR. Each transduced T-cell population was sorted in bulk for equally high TCR and CD4 expression, and each was compared with when four different concentrations of DR52c-mimotope complexes were injected for 80 s through a flow cell of a Biacore CM5 biosensor chip containing immobilized ANi2.3 TCR. Identical injections in a second flow cell with an immobilized control TCR (Yae62) were used to correct for the fluid phase signal. Association rates (kas), dissociation rates (kds), and overall (affinity) K D (dissociation constant) with SEM were calculated from the kinetic data using instrument software. Fig. 3 . The side chains of critical mimotope amino acids p5I, p7K, and p8R are surface-exposed on the mimotope-DR52c complexes. The structures of two of the mimotopes in Fig. 1C, (A) pHIR and (B) pWIR, bound to DR52c were solved to resolutions of 2.2 and 2.5 Å, respectively. The peptide binding grooves are viewed from the C terminus of the peptides. Ribbon representations of the α1 (cyan) and β1 (magenta) DR52c helices and the peptide backbone (white) are shown with wire-frame representations of surface-exposed side chains of p5I, p7K, and p8R [CPK (Corey, Pauling, Koltun) coloring].
the wild-type T cell for its ability to respond to either the DR52c + human lymphoblastoid B-cell line HO301 in the presence of optimal Ni ++ or to the chicken B-cell line DT40 transduced with retrovirus encoding DR52c with the HIR mimotope covalently attached. The results are shown in Fig. 5A and schematically mapped onto the pHIR-DR52 surface along with the ANi2.3 TCR footprint in Fig. 5B .
The effects of the mutations on the responses to the two ligands were very similar, especially in the area interacting with p7K of pHIR. Many of the mutations that dramatically reduced both responses clustered in this region. Most dramatically, mutation of any of the four amino acids (R94, D95, G96, and Y97) at the tip of Vβ CDR3 eliminated both responses. In the structure of the complex, these amino acids are not only in extensive contact with the critical pHIR amino acids p5I, p7K, and p8R, as mentioned above, but they also interact with the adjacent DR52c α1 and β1 helices (Table 1) . In a previous study of another Ni ++ -reactive TCR whose Vα and Vβ CDRs were nearly identical to those of ANi2.3 and that also had RDGY at the tip of Vβ CDR3, mutation of the D to A was also shown to eliminate the Ni ++ response, but so did the very conservative mutation of D to E (25, 26) . Therefore, we also assessed the effect of this Vβ D95-to-E mutation on the ANi2.3 T cell (Fig. 5A) . The ANi2.3 response both to the mimotope and to Ni ++ was eliminated by this mutation, suggesting that a very precise geometry is required for both responses, supplied by the D but not by the E, rather than the simple presence of a negatively charged amino acid at this position. In the case of Ni ++ , this would be consistent with the participation of this D in the precise coordination of the Ni ++ cation in this location. H27 and D28 of the Vβ CDR1 loop are two other important amino acids in this cluster, because the mutation of either one affects both responses (Fig. 5 A and B) . In the ANi2.3-pHIR structure, D28 interacts with the heavily selected p8R of pHIR (Table 1 and Table S5 ), but H27 makes no contact with the DR52c or pHIR. Rather, its side chain points up toward the center of the Vβ CDR1 loop and interacts closely with the Vβ β-strand leading up to CDR3 and with the Jβ β-strand leading away from CDR3. Its mutation to A could potentially indirectly affect binding to DR52c-pHIR by altering the Vβ CD1 shape or the shape and position of the critical Vβ CDR3 loop.
No mutation in Vα CDR3 had any effect on either response (Fig. 5 A and B) , despite considerable contact with p1H and p2R of pHIR in the DR52c-mimotope structure (Table 1 and Table S5 ). Likewise, mutation of Vα CDR1 amino acids Y26 and T29 had no effect on the response of ANi2.3 to the mimotope, despite considerable contact of T29 with both p2R of pHIR and the DR52c β2 helix (Table 1 and Table S5 ). In contrast, the mutation of either Y26 or T29 eliminated the response to Ni ++ , the most striking difference in the effects of the mutations on the two responses.
Taken together, these results support the conclusion that the ANi2.3 TCR recognizes the mimotopes and Ni ++ bound to the unknown self-peptide similarly in the conventional diagonal binding mode but that the p7K of the mimotopes is likely a mimic of Ni ++ , both of which dominate the TCR interaction via Vβ CDR3.
Discussion
The more than 20 y of published MHC and TCR-MHC structures have taught us a great deal about how peptides bind to classical MHCI and MHCII and how TCRs recognize this complex in the response to foreign peptide antigens presented by self-MHC or to self-peptides bound to foreign MHC alleles. However, we understand little about the nature of the T-cell ligands that form when small chemical moieties, such as plant urushiols or penicillin (27, 28) or metal cations (15), attach to self-peptide-MHC complexes to , mediating the widespread hypersensitivity to nickelcontaining jewelry (16) , to Be ++ , which causes the rarer, but much more serious, fulminating lung inflammation seen in chronic beryllium disease (CBD) (29) . At present, we do not know the structure of the MHC-peptide-cation complex ligand involved in any of these diseases. The structures we present here offer insight into how Ni ++ becomes part of such a ligand. We have found a series of peptide mimotopes that, when bound to DR52c, activate the Ni ++ -reactive ANi2.3 T cell in the absence of Ni ++ . A common feature of these mimotopes was a lysine at the p7 position whose side chain assumed a rotamer that brought its εNH 2 group to the surface of the DR52c-peptide complex to form a salt bridge to an aspartic acid in the ANi2.3 TCR Vβ CDR3 loop. This TCR aspartic acid was essential for recognition of both the mimotope and the natural Ni ++ epitope. This and other similarities between the interaction of the mimotope and the natural Ni ++ ligand with the ANi2.3 TCR have led us to propose that the positively charged lysine occupies the same position in the mimotope complex as the Ni ++ cation does in the natural complex. The footprint of the ANi2.3 TCR on the mimotope-DR52c complex was dominated by the Vβ CDR3 loop, which adopts an extended conformation to reach into the peptide binding groove while contacting the p7 lysine. Mutation of any of the amino acids at the end of this loop resulted in complete loss of the ANi2.3 response to both Ni ++ and the mimotope peptide. For the mimotope, this interaction was so dominant that the ANi2.3 response survived mutation of a number of other TCR amino acids contacting DR52c and the peptide at p1 and p2. This could explain the variety of amino acids that were tolerated at the p1 and p2 positions among the various mimotopes we found for this TCR. On the other hand, the ANi2.3 response to Ni ++ was much more sensitive to some mutations in the Vα CDR1 loop than was the response to the mimotope. This could indicate an important role for ANi2.3 contact with C-terminal end of the DR52c β1 helix and/or particular amino acids at the p1 or p2 position of the natural peptide(s) that presents Ni ++ . This may have contributed to our failure to find Ni ++ -dependent mimotopes in our libraries, because the dominant, more frequent lysine-containing mimotopes might have won out over the rarer Ni ++ -dependent mimotopes in the competition for the soluble TCR reagent used to screen our libraries.
Placing the Ni ++ cation in a location between the peptide and the arch of the MHCII β1 helix in the vicinity of p7 bears a striking resemblance to the situation with Be ++ presentation to T cells in CBD. Genetic susceptibility to CBD is closely linked to MHCII alleles that bear a glutamic acid at position 69 of the β-chain, especially the HLA-DP2 allele (29, 30) . We recently solved the structure of DP2, which revealed an acidic pocket on the surface of the molecule that contained the carboxylates of β69Glu as well as two other DP2 acidic amino acids (31) . Mutation of any of these amino acids eliminated Be ++ presentation to Be ++ -reactive human T cells. Similar to the position of p7K of pHIR bound to DR52c, this pocket lay in a wide space between the arch of the β1 helix and the side chains of p4 and p7 of the peptide. We have argued that this is the functional site of Be ++ binding to DP2. Also, an analysis of over three dozen published MHCII-peptide structures (31) showed that despite the enormous conservation of structure among the many MHCII isotypes and alleles from human and mouse, the space between the peptide and the β1 helix in this region can vary by more than 3 Å. It is tempting to suggest that this flexibility, combined with particular MHCII polymorphisms in the region and particular amino acids at the peptide p4 and p7 positions, can create the ideal site for cation binding in a variety of metal-mediated immune diseases.
In summary, our results show that the ANi2.3 TCR uses a conventional docking mode on the DR52c-pHIR complex and docks very similarly on DR52c containing the natural Ni ++ -self- peptide ligand. The data also strongly suggest that the εNH 2 group of the mimotope p7K mimics the Ni ++ in the natural ligand. The focused interaction of its Vβ CDR3 loop with pHIR-p7K or Ni ++ in the natural ligand modulates the importance of these MHC contacts in the overall affinity of the TCR for the two ligands.
Materials and Methods
Baculovirus DR52c-Peptide Libraries. The baculovirus libraries described in Fig.  1 were produced by direct cloning of PCR fragments into baculovirus DNA (19, 20) as described in SI Materials and Methods.
Protein Expression and Purification. DR52c (extracellular domains) with pHIR or pWIR covalently attached were cloned into a single baculovirus as previously described (21) . V regions of the ANi2.3 TCR were fused to mouse C regions and expressed in baculoviruses as previously described (15, 32, 33) . For crystallography, the Vα and Vβ portions of the ANi2.3 TCR were fused by GS linker (Vα-linker-Vβ) and were expressed in the periplasmic space of the Rosetta strain of Escherichia coli (22) . Details are described in SI Materials and Methods.
Other Materials and Methods. Other materials and methods are described in SI Materials and Methods.
